Abstract. Tone mapping operators (TMOs) convert high dynamic range (HDR) images to low dynamic range (LDR) images and are important because of the limitations of many standard display devices. Even though the quality of the resulting LDR image mostly depends on TMO parameter values, in this paper it is shown that it can be further improved by using alternative definitions of the luminance channel, which TMOs process. A new model of the luminance channel calculation that increases the resulting LDR image quality is also proposed. The main advantage of the new model is that the TMOs that produce results of lower quality can be made to produce results of significantly higher quality.
Introduction
Recent advances in imaging technologies are responsible for greater availability of images with high dynamic range (HDR), i.e., with a high ratio between the largest and the smallest light intensity in the image [16] . As many standard display devices can manage only low dynamic range (LDR) images, using tone mapping operators (TMOs) to convert HDR to LDR images is required. TMOs mostly operate on the image luminance channel intensities. They can be divided into global TMOs that process each intensity in the same way and local TMOs that process the intensities depending on their surrounding area. TMOs based on histogram adjustment [10] , sigmoidal contrast enhancement [2] photographic practice [17] , luminance gradient field manipulation [5] , image detail layer processing [4] , imitation of human response to light [3] [15] [11] have been proposed. Local TMOs usually give visually more appealing results, while global TMOs are faster [8] [9] . An example of tone mapping a HDR image is shown in Fig. 1 .
The optimal values of TMO parameters are often image-dependent and in most cases their determination requires human intervention. The Tone Mapped image Quality Index (TMQI) was recently developed [18] in order to provide an objective measure of the quality of the tone mapped images and it was shown to be reasonably correlated with subjective evaluations of image quality. For the original HDR image and the tone mapped LDR image the TMQI is a number in interval [0, 1]. It is based on the multiscale signal fidelity measure and the naturalness measure with a larger number corresponding to better quality. By using TMQI the subjective tests are avoided and it can be shown that together with TMO parameters the luminance channel definition can also increase the upper bound of the resulting image quality. The main contribution of this paper is the improvement of existing TMOs by using an alternative luminance channels.
The paper is structured as follows: In Section 2 it is shown that the definition of the luminance channel may affect the resulting image, in Section 3 a new model for the luminance channel is proposed, in Section 4 it is tested by means of measuring the TMQI, and the results are presented and discussed. T becomes L new after TMO application, then in the resulting image the pixel p is adjusted to become
This shows that both the TMO and the calculation of L have a role in creating the final result. The luminance channel TMO implementations often use [1] is the YUV colorspace Y channel also known as luma and defined as [7] 
Like the YUV colorspace, HSV, HSI, HSL, Lab, and other colorspaces also have their own definitions of luminance channels. For tone mapping any channel may be used, even the one not defining luminance, e.g. the G of the RGB or the principal component of the PCA transform [13] . Fig. 2 shows different channels for the same image that may assume the role of the luminance channel. The obvious differences between channels may also lead to different result quality.
A new luminance channel definition
All channels mentioned in the previous section are calculated in a fixed way. For all of them the value of L for a given pixel depends only on its R, G, and B channels values, with exception of PCA, where all pixels are involved. All these channels are calculated in a fixed way and there are some calculation similarities like for the HSV's V and HSI's I channel:
where the denominator can be ignored because in most cases for TMOs only the ratio between different intensities matters. Motivated by this similarity and in order to get a simply adjustable luminance channel, we propose a new definition:
where p is a parameter, which can be interpreted as the Minkowski norm. When p → ∞, the Eq. 5 becomes the same as Eq. 3, and when p = 1, then it effectively becomes the same as the HSI's I channel making the proposed definition a generalization of the two luminance channels. We note the extension of a TMO by the calculation of the Eq. 5 with an index p so that TMO p stands for TMO's application to the proposed channel with a specific value for parameter p.
Experimental results

Fixed channels
The impact of different channels in the role of the luminance channel on the resulting LDR image quality was tested by using the principal component of the PCA transform, the G channel of the RGB space, and the luminance channels For each image and each luminance channel definition the best TMQI was chosen from TMQIs calculated for a large number of uniformly spread parameter value combinations. These combinations were designed to cover the majority of the TMO's practical parameter values. The large number of combinations is the reason why the test was performed for only 40 images. For Durand's operator the parameter values of the contrast and the two sigmas were from {0.5, 1, ..., 25} and {0.5, 1, ..., 4}, respectively, and the values of Drago's operator bias parameter and Mantiuk's operator scale parameter from {0.01, 0.02, ..., 1}. The results are summarized in Table 1 and they show a variation in the resulting LDR image quality depending on the used luminance channel definition.
The Jarque-Bera [6] test showed that the best TMQIs for a given TMO and luminance channel are not normally distributed, so instead of ANOVA [12] , the Kruskal-Wallis (KW) non-parametric test [12] was used to test the significance of the mentioned differences. For Mantiuk's and Drago's TMO the p-value was below 0.01 proving that using different luminance channels has a 99% statistically significant impact on their best resulting image quality. Fig. 3 shows Drago's TMO's best results for different luminance channels and Fig. 4 shows the KW test box plots. The best improvements for Mantiuk's TMO and Drago's TMO were achieved by applying them to HSV's V channel. This can be explained by the fact that V's value is always higher or equal to values of other channels.
The proposed channel
Drago's TMO and Mantiuk's TMO showed a much greater flexibility then Durand's TMO. Therefore the best TMQI calculation on selected images was repeated for Drago's and Mantiuk's TMO extended by the proposed luminance channel calculation norm p, which was treated as an additional parameter with values from {1, 2, ..., 100}. The best TMQIs for Durand's TMO, Mantiuk's TMO, Drago's TMO, and additionally Reinhard's global TMO [15] all applied to the YUV's Y channel were compared to best TMQIs for Mantiuk's TMO and Drago's TMO applied to the proposed channel with variable parameter p for every image. Reinhard's TMO intensity parameter value was from {−8.0, − 7.9, ..., 8.0} and the values of the both adapt parameters were from {0.0, 0.1, ..., 1.0}. Table 2 shows the statistics of the best TMQIs. The application of Drago's TMO to the proposed channel resulted in a 17% increase of the mean of the best TMQI (25% for 20 images with the highest dynamic range and 9% for 20 images with the lowest dynamic range), while the application of Mantiuk's TMO to the proposed channel resulted in in a 10% increase of the mean TMQI (18% for images with the highest dynamic range and 3% for images with the lowest dynamic range). Drago p is shown to be as good as Reinhards's TMO at the cost of extension by a new parameter. Fig. 5 gives the best results of different TMOs. The KW test for the best TMQIs achieved when Drago's TMO was applied to HSV's V channel and for the best TMQIs achieved for Drago p detected no statistically significant difference. The KW test was also performed for the best results of Durand's TMO and Drago's TMO in the first case and for the best results of Durand's TMO and Drago p in the second case. Unlike the first test, the second test resulted in the KW p value above 0.01 meaning a less significant difference. For Mantiuk's TMO p was below 0.01 for both cases.
Conclusions and future work
The proposed definition of the luminance channel has a significant impact on the TMO's resulting image quality and it achieved the best statistically significant results in terms of quality by adding an additional parameter. From the wellknown luminance channels the best results were achieved with the HSV's V channel. TMOs previously achieving lower quality were transformed into TMOs whose quality compares well with TMOs that produce high quality images. In future other suitable and adjustable luminance channels should be researched.
